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Background: During endochondral ossification, cells in the perichondrium give rise to osteoblast precursors.
Results:Bonemorphogenetic protein (BMP) interactedwith hedgehog (Hh) to enhance osteogenesis, whereas in the absence of
Hh, BMP enhanced ectopic chondrogenesis in the perichondrium.
Conclusion: Hh alters the function of BMP to specify perichondrial cells into osteoblasts.
Significance: This provides an insight into signaling network in osteogenesis.

Specification of progenitors into the osteoblast lineage is
an essential event for skeletogenesis. During endochondral
ossification, cells in the perichondrium give rise to osteoblast
precursors. Hedgehog (Hh) and bone morphogenetic protein
(BMP) are suggested to regulate the commitment of these
cells. However, properties of perichondrial cells and regula-
tory mechanisms of the specification process are still poorly
understood. Here, we investigated the machineries by com-
bining a novel organ culture system and single-cell expres-
sion analysis with mouse genetics and biochemical analyses.
In a metatarsal organ culture reproducing bone collar forma-
tion, activation of BMP signaling enhanced the bone collar
formation cooperatively with Hh input, whereas the signaling
induced ectopic chondrocyte formation in the perichon-
drium without Hh input. Similar phenotypes were also
observed in compound mutant mice, where signaling activi-
ties of Hh and BMP were genetically manipulated. Single-cell
quantitative RT-PCR analyses showed heterogeneity of
perichondrial cells in terms of natural characteristics and

responsiveness to Hh input. In vitro analyses revealed that Hh
signaling suppressed BMP-induced chondrogenic differenti-
ation; Gli1 inhibited the expression of Sox5, Sox6, and Sox9
(SRY box-containing gene 9) as well as transactivation by
Sox9. Indeed, ectopic expression of chondrocyte maker genes
were observed in the perichondrium of metatarsals in
Gli1�/� fetuses, and the phenotype was more severe in
Gli1�/�;Gli2�/� newborns. These data suggest that Hh-Gli
activators alter the function of BMP to specify perichondrial
cells into osteoblasts; the timing of Hh input and its target
populations are critical for BMP function.

Specification of progenitors into a certain lineage is an essen-
tial event for organogenesis. In mammals, appendicular and
axial skeletons develop through endochondral ossification, one
of the two ossification processes in vertebrates (1). In an early
phase of the process, two distinct cell populations arise shortly
after the condensation of mesenchymal cells: cartilage-forming
chondrocytes and perichondrial cells (1). Sox9 (SRY box-con-
taining gene 9) has been shown to be essential for the mesen-
chymal condensations and subsequent cartilage formation (2,
3). Perichondrial cells constitute the perichondrium, a thin
layer of fibroblastic cells surrounding the cartilage mold. Dur-
ing normal development, a population of the perichondrial cells
is specified into an osteoblast lineage; they differentiate into
osteoblasts through several stages of precursors, contributing
to formation of the bone collar, a predecessor of cortical bones
(1, 4). Runx2 (Runt-related transcription factor) and Osx
(osterix), two essential transcription factors for osteoblast dif-
ferentiation, are known to sequentially regulate the differenti-
ation program (5–7).
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Several lines of evidence have suggested that Hh,3 Wnt, and
BMP signaling pathways act as a switch for the program in
perichondrial cells and that a bipotential cell population exists
in the perichondrium (8–10).We and others have clarified cru-
cial roles of Hh signaling in an early commitment and differen-
tiation of osteoblasts in the perichondrium (8, 11–13). Defects
in Wnt/�-catenin signaling as well as the absence of Hh input
lead to a complete lack of osteoblasts, allowing perichondrial
cells to adopt a chondrocyte lineage (8, 9, 14, 15). On the other
hand, forced activation of BMP signaling has been shown to
cause ectopic chondrocytes in the perichondrium (16).
AlthoughWnt/�-catenin signaling acts downstream of Hh sig-
naling in the specification of osteoblasts in the perichondrium
(9), the hierarchy or interaction of BMP andHh signaling path-
ways in the specification has not been clarified. In addition,
there have been no data that advance our understanding of the
characteristics of perichondrial cells at the single-cell level.
The present study was aimed to elucidate molecular mecha-

nisms underlying the specification of an osteoblast lineage in
perichondrial cells, with a particular focus on the interaction
between Hh and BMP signaling pathways, through an organ
culture system and mouse genetics as well as biochemical
approaches. In addition, to gain insight into the specification
process, we investigated the expression of osteoblast and chon-
drocyte marker genes in primary perichondrial cells at the sin-
gle-cell level.

EXPERIMENTAL PROCEDURES

Animals—Ptch1tm1Mps (Ptch1�/�), Tg(Prrx1-cre)1Cjt (Prx1-
Cre), and Ihhtm1Amc (Ihh�/�) mice were obtained from The
Jackson Laboratory, wild-type (WT) C57BL/6J mice were from
Charles River Japan, and CAG-LoxP-caBMPr1a, Gli1�/�, and
Gli2�/� mice were generated as described previously (17–19).
All experiments were performed in accordance with the proto-
col approved by the Animal Care and Use Committee of The
University of Tokyo.
Reagents—Smoothened agonist (SAG) was purchased from

Calbiochem; cyclopamine was from Biomol; LiCl and dorso-
morphin were from Sigma-Aldrich; and IWP2 was fromTocris
Bioscience. recombinant humanTGF�1 (rhTGF�1) fromR&D
Systems; recombinant human BMP2 (rhBMP2) was provided
by Astellas Pharma, Inc.
Metatarsal Organ Culture—Embryonic metatarsals were

dissected as described previously (20). For the osteogenic cul-
ture, each metatarsal was cultured in 0.25% FBS/high glucose
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) contain-
ing 1% penicillin/streptomycin, 50 �g/ml ascorbic acid phos-
phate, 10 mM �-glycerophosphate, and 0.1 �M dexamethasone.
Cell Culture—C3H10T1/2 cells were obtained from the

RIKENCell Bank. Perichondrial cells were isolated as described

previously (11). Plasmid transfection was performed using
FuGENE HD (Roche).
Single-cell Analyses—Primary perichondrial cells treated

with DMSO or SAG (1 �M) for 5 days were collected by a cap-
illary tip after trypsin treatment. cDNA libraries from a single-
cell were prepared by using oligo(dT)30-immobilized beads and
gene expressions were quantified by qPCR as described previ-
ously (21). Hierarchical clustering was performed with Math-
ematica software (version 7.0, Wolfram Research, Inc.). The
detailed procedures and primer sequences are described in sup-
plemental “Experimental Procedures.”
qRT-PCR—Total RNA extraction, reverse-transcription, and

qPCRwere performed as described previously (11). The primer
sequences are available upon request.
Histology—The procedures for von Kossa staining, safranin

O staining, and in situ hybridization have been described pre-
viously (11, 20). Images were taken using an Axio Imajor A1
microscope (Carl Zeiss).
Luciferase Assay—Cells were plated onto 24-well plates and

transfected with 0.4 �g of DNA mixture containing the test
reporter plasmids, control reporter plasmids encoding Renilla
luciferase, and effector plasmids. A Dual-Luciferase assay was
performed as described previously (11).
ChIP—ChIP was performed with a One-Day ChIP kit (Diag-

enode). To shear genomic DNA, a Shearing ChIP kit (Diag-
enode) was used according to the manufacturer’s instructions.
The primer sequences are available upon request.
Statistical Analysis—Themeans of groupswere compared by

analysis of variance, and the significance of differences was
determined by post hoc testing using Tukey’s method.

RESULTS

Development of an Organ Culture System That Enables the
Observation of Bone Collar Formation in a Near in Vivo Setting—
With the ultimate aim of defining the roles of signaling path-
ways in osteogenesis in the perichondrium, we set out to estab-
lish an organ culture system that enabled us to analyze bone
collar formation in endochondral ossification ex vivo.We found
that a metatarsal organ culture using an osteogenic medium
reproduced bone collar formation in synchronization with car-
tilage mineralization, which had not yet been achieved by the
culture methods reported previously (20). To verify that it reli-
ably reproduced phenotypes that were observed in mice with
mutations in Hh, BMP, orWnt signaling, we histologically ana-
lyzed metatarsals cultured with activators and inhibitors of the
Hh, BMP, or Wnt signaling pathway. We used SAG, an Hh
signaling activator; cyclopamine, an Hh signaling inhibitor;
rhBMP2; dorsomorphin, a BMP signaling inhibitor (22); lith-
iumchloride (LiCl), a glycogen synthase kinase-3 (GSK3) inhib-
itor; and IWP2, an inhibitor of Wnt processing and secretion
(23).
SAG induced ectopic bone collar formation in the perichon-

drium and inhibited cartilage mineralization; cyclopamine
blocked bone collar formation and accelerated cartilage miner-
alization (Fig. 1A). rhBMP2 did not induce ectopic bone collar
formation but enhanced chondrogenesis in the growth plate;
dorsomorphin did not affect osteogenesis but inhibited chon-
drogenesis (Fig. 1, A and B). LiCl promoted bone collar forma-

3 The abbreviations used are: Hh, hedgehog; BMP, bone morphogenetic pro-
tein; qPCR, quantitative PCR; Runx2, runt-related transcription factor 2;
Osx, osterix; Ihh, Indian hedgehog; rhBMP2, recombinant human BMP2;
DMSO, dimethyl sulfoxide; E17, embryonic day 17; Sox9, SRY box-contain-
ing gene 9; Ptch1, patched 1; caBMPr1a, constitutively active form of
Bmpr1a; SAG, Smoothened agonist; rhTGF�, recombinant human TGF�;
GSK3, glycogen synthase kinase-3; Col2a1, type II collagen �1 chain;
Col9a1, type IX collagen �1 chain; Col10a1, type X collagen �1 chain;
Chm1, chondromodulin 1.
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tion in synchronization with cartilage mineralization; IWP2
inhibited bone collar formation (supplemental Fig. S1A). These
observations were in line with those obtained from gain- and
loss-of-function mouse models for the Hh, BMP, andWnt sig-
naling pathways (8, 9, 12, 14–16, 22, 24, 25).
The integrity of the organ culture systemwas further verified

and investigated in terms of the signaling hierarchy of Hh and
Wnt and the interaction of Hh and TGF� during the commit-
ment of the osteoblast lineage in the perichondrium.Hh signal-
ing is known to be required prior to the requirement of Wnt
signaling in osteoblast differentiation (9). In the culturedmeta-
tarsals, Osx was expressed in the SAG-induced ectopic bone
collar. Although IWP2 inhibited SAG-induced formation of
ectopic bone collar, ectopic Osx expression was maintained
(supplemental Fig. S1B). As for the loss-of-function of Hh sig-
naling, cyclopamine alone suppressed both bone collar forma-
tion and Osx expression in the perichondrium. LiCl did not
reverse the cyclopamine-induced suppression of Osx expres-
sion and bone collar formation in the perichondrium (supple-
mental Fig. S1B). TGF� signaling is reported to be involved in

the proliferation of perichondrial cells and osteoblast differen-
tiation (26, 27). In the culturedmetatarsals in the present study,
rhTGF�1 increased the thickness of the perichondrium and
inhibited the SAG-induced ectopic bone collar formation (sup-
plemental. Fig. S2). These data not only confirmed the previous
reports but also suggest that TGF� signaling inhibits Hh-in-
duced osteogenesis. Thus, pharmacological manipulation of
this organ culture system appeared to enable easier and less
time-consuming investigation of the signaling network and
hierarchy in the perichondrium than genetic approaches.
Hh Signaling-mediated Alteration of the BMPFunction in the

Perichondrium from Chondrogenic to Osteogenic—By taking
advantage of the present organ culture system described above,
we next attempted to clarify the signaling network between Hh
and BMP in the perichondrium; we examined the effects of
combined treatments of activators and inhibitors of Hh and
BMP signaling on osteogenesis. Combined treatment of SAG
and rhBMP2 increased the thickness but not the region of the
bone collar compared with SAG alone (Fig. 1A). On the other
hand, dorsomorphin, a BMP inhibitor, suppressed SAG-in-
duced ectopic bone collar formation (Fig. 1A). Regarding the
loss of function of Hh signaling, cyclopamine inhibited bone
collar formation in organ culture (Fig. 1A), whereas it did not
alter the expressions of BMP ligands including Bmp2, Bmp4,
Bmp6, and Bmp7 in primary perichondrial cells (supplemental
Fig. S3). Interestingly, rhBMP2 did not reverse the cyclo-
pamine-induced suppression of bone collar formation (Fig.
1A). Instead, it induced safranin O-positive chondrocyte-like
cells in the perichondrium when combined with cyclopamine,
suggesting that ectopic chondrocytes were formed upon the
treatment (Fig. 1B). In situ hybridization for Col2a1 (type II
collagen �1 chain) revealed that cyclopamine alone induced
ectopic Col2a1 expression in the perichondrium, and com-
bined treatment with cyclopamine and rhBMP2 expanded the
Col2a1-expressing region (Fig. 1C).
To confirm the interactions between Hh and BMP signaling

in vivo, we analyzed E18.5 metatarsals of Ptch1�/�;Prx1-cre;
CAG-LoxP-caBmpr1amice, inwhich bothHh andBMP signal-
ing were up-regulated in limb mesenchymal cells. The thick-
ness of the bone collar was increased in Ptch1�/�;Prx1-cre;
CAG-LoxP-caBmpr1a mice (Fig. 2A), which was consistent
with the findings in themetatarsals cultured with the combina-
tion of SAG and rhBMP2 (Fig. 1A). In Ptch1�/� or Prx1-cre;
CAG-LoxP-caBmpr1a mice, as well as CAG-LoxP-caBmpr1a
(control) mice, bone collar formation remained normal. We
also analyzed E17.5metatarsals of Ihh�/�;Prx1-cre;CAG-LoxP-
caBmpr1a mice, in which Hh signaling was down-regulated
and BMP signaling was up-regulated in limb mesenchymal
cells. One out of three mutants of Ihh�/�;Prx1-cre;CAG-LoxP-
caBmpr1a showed ectopic Col2a1 expression in the perichon-
drium (Fig. 2B), which was consistent with the findings in the
metatarsals cultured with a combined treatment of cyclo-
pamine and rhBMP2 (Fig. 1B). The other twomutants as well as
Ihh�/� and Prx1-cre;CAG-LoxP-caBmpr1amice did not show
such phenotypes. Overall, the findings on the in vivo genetic
approach as well as pharmacological manipulation in the ex
vivo organ culture suggested that BMP signaling acts as an
accelerator for both osteogenesis and chondrogenesis in the

FIGURE 1. Effects of the manipulation of Hh and BMP signaling on bone
collar formation and ectopic chondrocyte formation in the perichon-
drium. A and B, von Kossa staining (A) and safranin O staining (B) of repre-
sentative sections obtained from metatarsals cultured with DMSO, SAG (1
�M), cyclopamine (Cyc; 5 �M), rhBMP2 (100 ng/ml), dorsomorphin (Dor; 5 �M),
or a combination of these agents for 7 days. C, in situ hybridization for Col2a1
of representative sections obtained from metatarsals cultured with cyclo-
pamine (5 �M), rhBMP2 (100 ng/ml), or the combination of cyclopamine and
rhBMP2 for 7 days. Higher magnification of the boxed areas in the left panels is
shown in the right panels. Scale bars, 100 �m.
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perichondrium, after Hh-dependent lineage specification into
osteoblasts or chondrocytes has taken place.
Heterogeneity of Perichondrial Cells—The different pheno-

types in the perichondrium upon different combined stimuli in
the organ culture suggest the heterogeneity of perichondrial
cells. To gain insight into the heterogeneity, we analyzed the
expression of osteoblast and chondrocyte marker genes in pri-
mary perichondrial cells at the single-cell level by quantitative
RT-PCR (qRT-PCR) using a magnetic dT primer (21), focusing
on their characteristics in nature as well as their properties
acquired in response to Hh input.
The expressions of five genes were examined in 90 cells treated

with SAG (activation of Hh signaling, 44 cells) or DMSO (control,
46 cells): Alpl, an early marker of osteoblast differentiation; Sp7
(osterix), a key transcription factor for osteoblast differentiation;
Col2a1, a chondrocytic marker; Gli1, a readout of Hh signaling
activation; andEef1g, a housekeeping gene as a control. Clustering
analysis on the qRT-PCR data classified the 90 cells into several
clustersbasedontheir expressionpatterns for these fivegenes (Fig.
3). Most of the DMSO-treated cells exhibited either of two fea-
tures, chondrocyte-like phenotypes characterized by Col2a1
expression or non-osteochondrogenic phenotypes characterized
by the lack of osteoblast and chondrocytemarker gene expression
(NOC state). SAG-treated cells showed more heterogeneity in
terms of their differentiation states, although the activation of Hh
signaling was evidenced by up-regulation of Gli1 in these cells.
Some of the cells still maintained an NOC state, but others
expressed osteoblast marker genes, Alpl and Sp7, or both osteo-
blast and chondrocyte marker genes. Thus, the perichondrium
likely consists of a heterogenous cell population with different prop-
erties anddifferent levels of responsiveness to differentiation stimuli.
HhSignaling Suppresses BMP-induced inVitroChondrogenic

Differentiation, the Expression of Sox Trio, and Transactivation
by Sox9—Given that both Hh and BMP signaling are activated
in the perichondrium during endochondral ossification (28),

the data shown in Figs. 1 and 2 led us to investigate whether Hh
signaling had a negative impact on the chondrogenic activity of
BMP signaling in the perichondrium.We considered that such
an impact, if present, would arise via either of twomechanisms:
a direct interaction between Hh and BMP signaling, or an indi-
rect one, by which Hh signaling regulated chondrogenesis-re-
lated factors acting downstream of BMP signaling. We initially
investigated the former possibility using the C3H10T1/2 cell
line, which has been reported to differentiate into both chon-
drogenic and osteogeneic cells (29). SAG suppressed rhBMP2-
induced mRNA expression of chondrocyte marker genes
including Col2a1, Col9a1 (type IX collagen �1 chain), and
chondromodulin 1 (Chm1) (Fig. 4A). Time course analysis of
gene expression revealed that the suppression was synchro-
nized with the up-regulation of Gli1, a readout of Hh signaling
(Fig. 4B). However, the following observations suggested that
there was no direct interaction or signal cross-talk between Hh
and BMP signaling in the regulation of chondrocyte pheno-
types (Fig. 4B). First, there was a time lag between expression of
Id1, a readout of BMP signaling, and Col2a1 expression in
response to rhBMP2 treatment, which indicated that activation
of BMP signaling indirectly up-regulated Col2a1 as suggested
in previous reports (30, 31). Second, the expression of target
genes of either signaling was not altered by the addition of their
counterparts (SAG versus SAG�rhBMP2 in Gli1 expression;
rhBMP2 versus SAG�rhBMP2 in Id1 expression).
BMP signaling has been shown to regulate chondrogenesis

through Sox5, Sox6, and Sox9 (Sox trio)-dependent mecha-
nisms, and a BMP-responsive element in the Col2a1 region
corresponded to a Sox9 binding site (�2429 to �2435) in the
first intron of the Col2a1 gene (30–34). Therefore, we tested
the second possibility, i.e. the existence of an indirect interac-
tion betweenHhandBMPsignaling, by examining the effects of
Hh signaling on the expression or function of Sox transcription
factors. We found that SAG suppressed rhBMP2-induced

FIGURE 2. Effects of the manipulation of Hh and BMP signaling pathways on bone collar formation and ectopic chondrocyte formation in the
perichondrium in vivo. A, von Kossa staining of representative sections of metatarsals obtained from CAG-LoxP-caBmpr1a (LoxP-caBr1a), Ptch1�/�, Prx1-cre;
CAG-LoxP-caBmpr1a (Prx1-cre;LoxP-caBr1a), and Ptch1�/�;Prx1-cre1;CAG-LoxP-caBmpr1a (Ptch1�/�;Prx1-cre;LoxP-caBr1a) mice (E18.5). Higher magnification of
the boxed areas in the left panels is shown in the right panels. Scale bars, 100 �m. B, in situ hybridization for Col2a1 of representative sections of metatarsals
obtained from CAG-LoxP-caBmpr1a (LoxP-caBr1a), Ihh�/�, Prx1-cre;CAG-LoxP-caBmpr1a (Prx1-cre;LoxP-caBr1a), and Ihh�/�;Prx1-cre1;CAG-LoxP-caBmpr1a
(Ptch1�/�;Prx1-cre;LoxP-caBr1a) mice (E17.5). Higher magnification of the boxed areas in the left panels is shown in the right panels. Scale bars, 100 �m.
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mRNA expression of Sox5, Sox6, and Sox9 (Fig. 4C). A lucifer-
ase assay using the reporter construct containing a Sox9-re-
sponsive element in the COL2A1 region (�285 to �2450;
COL2A1-Luc) showed that SAG inhibited Sox9-mediated
reporter activity as well as rhBMP2-mediated activity (Fig. 4D).
These data suggest that Hh signaling suppresses BMP signal-
ing-mediated chondrogenesis, and that this effect occurs at
least in part through inhibition of both the expression of the Sox
trio and the transactivation by Sox9.
Gli Activators Are Involved in the Hh-mediated Suppression

of Chondrogenesis in the Perichondrium—We next attempted
to elucidate whichmolecules contribute to the inhibitory effect
of Hh signaling on chondrogenic activity of the BMP-Sox trio,
focusing on the transcriptional machinery of Hh-Gli signaling.
In C3H10T1/2 cells, Gli1 overexpression suppressed the
rhBMP2-induced Col2a1mRNA expression, whereas this sup-

pressionwas not observed in response to the overexpressions of
Gli2, the full-length form ofGli3, or the repressor form ofGli3
(Fig. 5A). The suppressive effects of Gli1 on chondrogenesis
were confirmed by gain-of-function analyses of primary
perichondrial cells (supplemental Fig. S2A) and loss-of-func-
tion analyses using short interfering RNA for Gli1 (shGli1) in
C3H10T1/2 cells (Fig. 5B).
We found no bone collar formation in the metatarsals of

Gli1�/� and Gli2�/� mice at E17.5, and the phenotype was
more severe in the Gli1�/�;Gli2�/� mice than in either the
Gli1�/� or Gli2�/� mice at postnatal day 0 (11). The in vitro
data obtained so far led us to examine whether Gli1-mediated
suppression of chondrogenesis was associated with the pheno-
types in the perichondrium of Gli1�/� or Gli1�/�;Gli2�/�

mice. Indeed, ectopic expression of both Col2a1 and Col10a1
(type X collagen �1 chain) was observed in metatarsals of the
Gli1�/� perichondrium at E17.5 (Fig. 5C). Moreover, deposi-
tion of cartilaginous matrix as well as ectopic expression of
Col2a1, Col10a1, and Sox9 were observed in the Gli1�/�;
Gli2�/� perichondrium at postnatal day 0 (Fig. 5D). In addi-
tion, overexpression of both Gli1 and Gli2 significantly inhib-
ited rhBMP2-induced Col2a1 expression compared with that
of Gli1 alone (supplemental Fig. 6S). Thus, Gli activators may
have a negative impact on chondrogenesis in the perichon-
drium during endochondral ossification.
Finally, we investigated the molecular mechanism underly-

ing the suppression of chondrogenic differentiation by the
Hh-Gli1 pathways.Gli1 overexpression suppressed the mRNA
expressions of the Sox trio in C3H10T1/2 cells (Fig. 5E). A lucif-
erase assay using COL2A1-Luc revealed that Gli1 inhibited the
transactivation by Sox9 (supplemental Fig. S3B).We also exam-
ined the effects of Gli1 on the Sox9-dependent induction of
COL2A1mRNA using the HEK293 cell line, since this cell line
is known to express COL2A1 mRNA upon transfection of the
Sox trio (35); we found that Gli1 overexpression inhibited the
COL2A1 mRNA expression induced by the Sox trio in a dose-
dependent manner (supplemental Fig. S2C), without any
changes in the protein localization of exogenous Sox9 (supple-
mental Fig. S2D). In addition, a chromatin immunoprecipita-
tion (ChIP) assay revealed that Gli1 overexpression inhibited
the recruitment of Sox9 onto the Sox9 binding site in the
COL2A1 first intron in a dose-dependent manner in perichon-
drial cells (Fig. 5F). Thus, Gli1 suppresses the expressions of the
Sox trio and the recruitment of Sox9 to the Col2a1 enhancer
region, and this suppression may underlie the negative impact
of Hh signaling on chondrogenic activity of the BMP-Sox trio.

DISCUSSION

This study has three major findings. First, BMP signaling
interacted with Hh signaling to enhance the bone collar forma-
tion, whereas in the absence of Hh input, BMP enhanced
ectopic chondrocyte formation in the perichondrium. Second,
perichondrial cells showed heterogeneity in terms of natural
characteristics and responsiveness to differentiation stimuli.
Third, Hh signaling suppressed BMP signaling-induced chon-
drogenic differentiation, possibly by the Gli1-mediated inhibi-
tion of expression of the Sox trio and transactivation by Sox9.

FIGURE 3. Heterogeneity of perichondrial cells. Hierarchical clustering of
gene expression in each of 90 single-cell samples obtained from primary
perichondrial cells treated with DMSO (46 samples) or SAG (44 samples) for 5
days. The mRNA expression levels of the osteoblast marker genes and of
Col2a1 and Gli1 were determined by qRT-PCR analysis. The cluster dendro-
gram indicates the four cellular subtypes: those expressing the osteoblast
(OB) marker genes and the Col2a1, OB(�);C2(�) (shown in purple); those
expressing osteoblast marker genes but not Col2a1, OB(�);C2(�) (shown in
red); those expressing Col2a1 but not the osteoblast marker genes, OB(�);
C2(�) (shown in blue); and those expressing neither osteoblast marker genes
nor Col2a1, NOC (shown in black). Information on Gli1 expression is also pre-
sented for each of the above.
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Our organ culture system using osteogenic medium enabled
us to observe the bone collar formation of endochondral ossi-
fication. The ex vivo cultures of fetal long bones reported pre-
viously had not fully reproduced endochondral ossification
because they lacked bone collar formation (20). As indicated in
this study, our system would offer clues to understanding the
network of multiple signaling pathways that regulate the differ-
entiation of perichondrial cells, in a near in vivo setting and in a
simple manner, prior to proceeding to genetic approaches.
Although it is important to keep inmind the potential off-target
effects of stimuli in our organ culture system, the systemwould
enable easymanipulation of different signaling pathways at dif-
ferent time points.

BMP signaling is known to function as an osteo-chondro-
genic factor with positive impacts on both osteogenesis and
chondrogenesis during endochondral ossification (36). Rodda
et al. (9) raised the possibility that Hh signaling altered the
responsiveness of osteoblast progenitors to a BMP input in the
perichondrium. Our findings support this possibility and fur-
ther demonstrate how BMP signaling interacts with Hh signal-
ing to induce osteoblast differentiation in the perichondrium;
BMP signaling is not likely to be involved in specification of the
osteoblast lineage, but it clearly has a positive impact on osteo-
genesis in the committed osteoblast precursors. Given that
BMP signaling enhanced chondrogenesis in the perichondrium
in the absence of Hh input, and Hh signaling suppressed BMP-

FIGURE 4. Effects of Hh signaling on BMP signaling-induced expression of the Sox trio and transactivation by Sox9 in vitro. A and B, mRNA expression
of chondrocyte marker genes determined by qRT-PCR analysis in C3H10T1/2 cells. Cells were treated with rhBMP2 (100 ng/ml), SAG (1 �M), or the combination
of rhBMP2 and SAG for 2 days (A) or various periods up to 48 h (B). C, mRNA expressions of Sox 5, 6, and 9 determined by qRT-PCR analysis in C3H10T1/2 cells.
Cells were treated with rhBMP2 (100 ng/ml), SAG (1 �M), or the combination of rhBMP2 and SAG for 2 days. D, luciferase analysis using reporter constructs
containing a human COL2A1 regulatory region (�285 to �2450) in C3H10T1/2 cells. In the left panel, cells were incubated for 12 h after transfection with the
reporter construct, followed by exposure to rhBMP2 (100 ng/ml), SAG (1 �M), or the combination of rhBMP2 and SAG for 48 h. In the right panel, cells were
transfected with the reporter construct and Sox9, followed by exposure to SAG (1 �M) for 48 h (right panel). RLU, relative light units. For A, C, and D, data are
expressed as the means � S.D. of triplicate wells, and representative data of independent experiments are shown.
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mediated chondrocyte differentiation in vitro, we infer that the
osteo-chondrogenic function of BMP is directed by Hh signal-
ing in the perichondrium.
We were not able to discern the reasons why only one of the

three Ihh�/�;Prx1-cre;CAG-LoxP-caBmpr1a mutants showed
ectopic Col2a1 expression in the perichondrium (Fig. 2A). We
infer that penetrancemay underlie the phenotype (37). In addi-
tion, these data support the threshold concept for ectopic chon-
drocyte formation in the perichondrium, where the positive
action of BMP and the inhibitory action of Hh may compete

with each other in chondrogenesis. The balance between the
two signals would determine a threshold for the ectopic
chondrocyte formation; a low level of Hh signaling may
decrease the threshold, resulting in chondrogenesis in the
perichondrium upon the activation of BMP signaling. More-
over, single-cell analyses showed that among cells that
expressed Gli1 upon Hh input, not all, but some populations
expressed osteoblast marker genes. These data are consist-
ent with the notion that Hh signaling is necessary but not
sufficient to induce bone formation (8). Hence, the timing of

FIGURE 5. Involvement of Gli transcription factors in the Hedgehog-mediated inhibition of chondrogenesis in the perichondrium. A and B, Col2a1
mRNA expression determined by qRT-PCR analysis in C3H10T1/2 cells. After being transfected with the indicated plasmids, cells were incubated for 12 h,
followed by exposure to rhBMP2 (100 ng/ml) (A), or the combination of rhBMP2 and SAG (1 �M) (B) for 48 h. GLI3f, the full-length form of GLI3; GLI3r, the
repressor form of GLI3. *, p � 0.05; #, p � 0.05. C and D, in situ hybridization (Col2a1 and Col10a1), safranin O staining, and immunohistochemistry for Sox9 of
the representative sections of metatarsals obtained from the indicated mouse embryos (E17.5) (C) or indicated mouse newborns (D). Higher magnification of
the boxed areas is shown at the right. Scale bars, 100 �m. E, mRNA expressions of endogenous Sox5, Sox6, and Sox9 determined by qRT-PCR analysis in
C3H10T1/2 cells. Cells were transfected with GLI1 (0.1 or 1 �g) and cultured for 48 h. F, ChIP assay in the perichondrial cells transfected with the indicated
plasmids. ChIP was performed with an anti-GFP antibody (Sox9), IgG (negative control), or an anti-acetyl histone H3 antibody (positive control). For A, B, and
E, data are expressed as the means � S.D. of triplicate wells, and representative data of independent experiments are shown.
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Hh input and its target population is critical for the osteo-
genic function of BMP signaling.
In this study, we performed the first examination of the pop-

ulations of perichondrial cells at a single-cell level. Our data
showed that cells stimulated by an osteogenic reagent showed
heterogeneity in terms of their differentiation state. Most cells
treated with DMSO were either cells expressing Col2a1 or
NOC cells. In response to Hh input, the majority of cells
expressed osteoblast marker genes. There is a possibility that
the Col2a1-positive cells observed in the DMSO group were
derived from cartilage due to contamination during the isola-
tion procedure. If the contamination occurred, the chondro-
cytes might have kept their phenotypes or newly acquired
osteoblast phenotypes upon Hh input. However, we did not
observe a chondrocyte-like population in the SAG-treated
group. Furthermore, chondrocytes are not likely to differenti-
ate into osteoblasts upon Hh input because it was previously
reported that no ectopic osteoblasts were observed in cartilage-
forming regions in chondrocytes overexpressing constitutive
active Smoothened (38) or ablation of Patched1 (24). Therefore,
we assume that little, if any, contamination of chondrocytes
occurred during our isolation procedure and that the Col2a1-
positive cells or NOC cells residing in the perichondrium give
rise to cells expressing osteoblast marker genes upon Hh input.
Col2a1-expressing cells are known to exist in the perichon-
drium and contribute to the osteoblast linage (10), which sup-
ports this assumption. Indeed, several lines of study have shown
that genemanipulation byCol2a1-Cremice caused phenotypes
characterized by osteogenesis in the perichondrium (8, 15, 24).
Unlike the Col2a1-expressing cells mentioned above, the prop-
erties of NOC cells remain to be clarified, although it is possible
that some of these cells are caused by the contamination of
fibroblasts, or that they are a progenitor-like undifferentiated
population contributing to the maintenance of a progenitor
pool in the perichondrium and/or to osteoblast formation.
The Hh-Gli1 pathway inhibited chondrocyte differentiation,

possibly by inhibition of the expression of the Sox trio and
transactivation by Sox9. Given that Sox9 is required for the
expressions of Sox5 and Sox6 (3) and Sox9 transcription is sug-
gested to be controlled by Sox9 itself (39), the initial events in
this context may be an inhibition of the recruitment of Sox9
into its own regulatory regions byGli1.However, a recent paper
showed that there were conserved Gli-binding sites near the
Sox motif in the Sox5 and Sox6 regions (40), which raised the
possibility that an inhibitory action byGli1might occur in these
regions. This study, however, does not address how Gli1 inhib-
its the recruitment of Sox9 onto DNA. Further studies includ-
ing genome-wide analyses may be needed to clarify whether
competition between Gli1 and Sox9 occurs in association with
DNA binding or through epigenetic regulation. On the other
hand, Zhao et al. (41) reported thatHh-Gli2 signaling is amedi-
ator of Bmp2 expression, which may not concur with our data.
In our analyses, Hh agonist did not alter the expression of Id1, a
target gene of BMP signaling (Fig. 4B), and the Hh inhibitor did
not inhibit Bmp2 expression (supplemental Fig. S3). The dis-
crepancy may be due to differences in the cells used between
the Zhao et al. (41) study and our work; they used C2C12, a
myoblast cell line, 2T3, a calvaria osteoblast cell line, and pri-

mary calvaria osteoblasts to examine the effects of Hh-Gli2 sig-
naling on endogenous Bmp2 mRNA expression, whereas we
used C3H10T1/2 and primary perichondrial cells. We believe
that clarifying the distinct roles of Hh and BMP signaling in
each cell type will be important contributions to our under-
standing of bone development and clinical applications.
In conclusion, this study demonstrated that the osteo-chon-

drogenic function of BMPwas directed toward osteogenesis by
Hh-Gli activators in the perichondrium. Perichondrial cells
showed various properties upon Hh input, which may underlie
the Hh-mediated alteration of BMP function in perichondrial
cells. Previous reports described interactions between Hh and
BMP signaling toward chondrogenesis in limb bud mesenchy-
mal cells (42, 43), which appear to be inconsistent with our
findings. We hypothesize that the discrepancy may be caused
by the difference of cells used between these studies and our
work. The target populations ofHh andBMPsignaling, or other
signaling pathways interacting with them, may be different
between the limb bud and the perichondrium. In addition, cel-
lular characteristics may be distinct between the limb bud and
perichondrium, in terms ofmultipotency and responsiveness to
stimuli for lineage specifications. Sox9-positive cells in the limb
bud were reported to differentiate into various skeletal cells,
including chondrocytes, osteoblasts, synovial cells, and tendon
cells (44). However, the differentiation potential of perichon-
drial cells was restricted to an osteoblast or chondrocyte lineage
in vivo (8). Although the distinct characteristics and signaling
networks remain to be clarified, our study provides insights into
the molecular basis of the signaling network between Hh and
BMP in the perichondrium aswell as the natural characteristics
of perichondrial cells themselves. Studies including single-cell
tracking and genome-wide analyses may lead to further under-
standing of the signaling network determining the fates of
perichondrial cells and to clinical application of such knowl-
edge to the treatment of bone defect-related diseases.
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